Abstract: Ultrasonic-assisted tungsten inert gas welding was carried out on a thin plate of 2195 Al-Li alloy, and the characteristics of the weld pores were analyzed in terms of their size and porosity. The effects of welding speed and ultrasonic power on the porosity and size of the pores were investigated. The pores were found to occur primarily adjacent to the surface of the weld. The porosity decreased and the size increased with a decrease in welding speed. The effect of ultrasonic power on the characteristics of the pores was different from that of the welding speed. The porosity and size of the pores decreased and then increased with an increase in ultrasonic power. A relationship was found between the transient cavitation intensity and the characteristics of pores. An increasing transient cavitation intensity results in a decrease in the porosity and size of pores when the transient cavitation intensity is lower. However, it can result in an increase in the porosity and pore size when the transient cavitation intensity further increases. Finally, the influencing mechanism of cavitation on welding pores was discussed.
Introduction
Aluminum-lithium alloy has been widely used in the aviation, aerospace, automobile and ship industries because of its excellent mechanical performance, high specific strength and corrosion resistance. Al-Li alloy can be joined with various welding methods, for example arc welding, friction stir welding, laser welding and electron beam welding. Solórzano et al. joined the 2091 Al-Li alloy with tungsten inert gas (TIG) welding and investigated the effect of TIG welding on the mechanical behavior of 2090 Al-Li alloy [1] . Chen joined 8090 Al-Li alloys with electron beam welding and studied the influence of welding parameters on the microstructures and mechanical properties of electron beam-welded 8090 Al-Li alloy plates [2] . Zhang et al. carried out a study on AA2060 Al-Li alloy using laser welding and Chen et al. joined 2A97 Al-Li alloy with friction stir welding [3, 4] .
TIG welding is widely used owing to its cost-effectiveness, ease of use and so on. However, some defects restrain the application of TIG-welded joints of Al-Li alloy. The most frequently occurring problem in TIG welding is porosity, which is the subject of this study. Some investigations on the pores in welding have been implemented. Yi et al. investigated the TIG dressing effects on weld pores and pore cracking of titanium weldments. The results showed that porosity redistribution by TIG dressing is due to fluid flow during the remelting of the weld pool and only weld pores less than 300 µm in size are redistributed or removed [5] . Leo et al. investigated the characteristics of pores in hybrid laser welding of an Al-Mg alloy. The results showed that the porosity area fraction increases with the laser power and the form of the micropores is related to the Mg vaporization [6] . Stützer et al. implemented a study on the pore formation in a super duplex stainless steel weld. The results suggested that the shielding gas, the filler metal and the welding speed have a great influence on the pore formation [7] . Zhu et al. investigated the characteristics and formation mechanism of sidewall pores in narrow-gap gas metal arc welding of 5083 Al alloy. The results showed that the hydrogen is found to be the main cause of the pores. The pore amount and size increase along with the increasing welding current or the decreasing travel speed [8] . Huang et al. investigated the porosity in pulsed gas tungsten arc welding of aluminum alloys. The results indicated that the number of pores and the pores' area decrease significantly when the thickness of the welding root face is 2 mm [9] .
Some of the reports on ultrasonic degassing in the casting field have been found so far and the results suggest that the ultrasound could decrease the number of pores for the casting [10, 11] . The degassing effect is mainly related to the ultrasonic power and melt temperature [12] . Owing to the excellent effect of ultrasound on the microstructure in the casting field, many scholars have tried to apply ultrasound in the course of TIG welding. There are primarily three ways to implement ultrasound. In the first method, the ultrasound propagates into the weld pool from the arc space. Sun et al. directly imposed ultrasonic vibration on the welding arc by an ultrasonic horn; the vibration propagated into the weld pool through the arc space [13] . Qi et al. made the ultrasound propagate into the weld pool using a high-frequency pulse TIG process [14] . He et al. introduced an ultrasound to the weld pool using a high-frequency current to modulate the plasma arc [15, 16] . The second route is the direct propagation of the ultrasound into the weld pool through the base material [17, 18] . The third route is propagation of the ultrasound into the weld pool through the filler metal or ultrasonic probe. The ultrasound propagated into the weld pool using ultrasonically vibrating filler metal [19] . Yuan et al. introduced an ultrasonic vibration into the weld pool by dipping an ultrasonic probe in the weld pool. This study shows that the introduction of an ultrasound can result in significant changes in the weld microstructure [20] .
Ultrasonic energy could affect the fluid flow and solidification of the weld pool when the ultrasonic energy is introduced into the weld pool during TIG welding. Most scholars pay attention to the effect of ultrasound on weld grain refinement and few reports on ultrasonic degassing in TIG welding have been found. As an environment-protecting and resource-economizing method, ultrasonic degassing is more attractive. Thus, investigation on ultrasonic degassing in TIG welding is important. In this paper, ultrasonic degassing technology in TIG welding is introduced and the weld pore behavior of Al-Li alloy was investigated for the ultrasonic-assisted TIG welding method. A new ultrasonic degassing theory is proposed, which will lay the foundation for the practical application of ultrasound-assisted TIG welding technology.
Materials and Methods
A 2195 Al-Li alloy sheet (2 mm thick) was used, with the base material composition shown in Table 1 . No filler metal was used during welding, and the bead weld in the surface of the base material was conducted. The welding direction was perpendicular to the rolling direction of the base material. The ultrasonic welding system used in this study was designed and developed by our laboratory. A schematic of the experimental apparatus is shown in Figure 1 . The ultrasound propagates into the weld pool from base material. The system can not only input the ultrasonic wave to the weld pool through the base material during continuous welding but also control the time of ultrasonic application. The ultrasonic frequency is 35 KHz. To meet the research needs, the rolling ultrasonic horn is used. The horn can roll on the surface of the base material, and a discontinuous ultrasound can be achieved by controlling the output of the ultrasonic waveform. The use of a rolling ultrasonic horn can avoid damage to the ultrasound system resulting from the vertical movement of cylinder.
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Results and Discussion

Influence of Welding Speed on Pore Behaviors
In this section, the effect of the welding speed on the pore behavior is investigated. After welding, the longitudinal section of the weld center was used for porosity analysis. Figure 3 shows the weld microstructure resulting from different welding speeds. As shown in Figure 3 , the pores were largely surface pores, and the number of pores was limited in the middle and bottom of the weld. This was a result of the thickness of the base material used for welding, which was thin, and generated bubbles could easily emerge from the weld pool. The bubbles would stay on the surface of the weld if they did not emerge from the weld pool completely.
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Influence of Welding Speed on Pore Behaviors
In this section, the effect of the welding speed on the pore behavior is investigated. After welding, the longitudinal section of the weld center was used for porosity analysis. Figure 3 shows the weld microstructure resulting from different welding speeds. As shown in Figure 3 , the pores were largely surface pores, and the number of pores was limited in the middle and bottom of the weld. This was a result of the thickness of the base material used for welding, which was thin, and generated bubbles could easily emerge from the weld pool. The bubbles would stay on the surface of the weld if they did not emerge from the weld pool completely. Several metallographic pictures of each parameter were analyzed using the IPP software to examine the pore. In this paper, the porosity is defined as the total area of the pores contained in the unit length of the weld. The porosity and size of the pores with different welding speeds are shown in Figure 4 . The porosity decreased significantly when the welding speed decreased. The porosity decreased by 13% when the welding speed decreased from 200 mm/min to 100 mm/min. In addition, the statistical results show that the maximum diameters of the pores in the weld were 87.57 μm, 115.78 μm, and 127.99 μm, when the welding speed decreased from 200 mm/min to 100 mm/min. Theoretically, it is not difficult to understand this result: the heat input increases as the welding speed decreases, and both the weld pool existence time and the grain growth time increase. The bubbles have more time to escape; therefore, the pore size increases and porosity decreases with the decreasing welding speed. Several metallographic pictures of each parameter were analyzed using the IPP software to examine the pore. In this paper, the porosity is defined as the total area of the pores contained in the unit length of the weld. The porosity and size of the pores with different welding speeds are shown in Figure 4 . The porosity decreased significantly when the welding speed decreased. The porosity decreased by 13% when the welding speed decreased from 200 mm/min to 100 mm/min. In addition, the statistical results show that the maximum diameters of the pores in the weld were 87.57 µm, 115.78 µm, and 127.99 µm, when the welding speed decreased from 200 mm/min to 100 mm/min. Theoretically, it is not difficult to understand this result: the heat input increases as the welding speed decreases, and both the weld pool existence time and the grain growth time increase. The bubbles have more time to escape; therefore, the pore size increases and porosity decreases with the decreasing welding speed. 
Influence of Ultrasonic Power on Pore Behaviors
In Section 3.1, the influence of the welding speed on the porosity and pore size in the weld was obtained. In this section, the effect of ultrasonic power on pore behaviors is investigated. Figure 5 shows the weld metallographic picture with different ultrasonic powers. The porosity and pore size in the weld center with different parameters were analyzed using IPP software. The results are shown in Figure 6 . Compared with the absence of ultrasound, the porosity in the weld significantly decreased when the ultrasonic treatment was implemented. The porosity was at its minimum and the porosity decreased by 39.19% when the ultrasonic power was 20%. The effect of changing the ultrasonic power on degassing was much greater than changing the welding speed. The porosity in the ultrasonic-assisted TIG weld significantly decreased compared with the absence of the ultrasound at the same welding speed. The porosity decreased with an increase in the ultrasonic power when the applied ultrasonic power was lower than 30%. However, the porosity increased when the ultrasonic power was higher than 30%. The variation of the pore size was very similar to the variation of the porosity in the weld. The pore size decreased with an increase in the ultrasonic power when the power was small. Still, the size increased when the ultrasonic power increased to a certain value. 
Analysis of Ultrasonic Behavior in Weld Pool
The ultrasound can result in non-linear cavitation in the melt when the ultrasonic power reaches a certain threshold value [21] . Cavitation can result in a large amount of harmonic waves, 
The ultrasound can result in non-linear cavitation in the melt when the ultrasonic power reaches a certain threshold value [21] . Cavitation can result in a large amount of harmonic waves, Figure 6 . Porosity and pore size in longitudinal section of weld at different ultrasonic powers.
The ultrasound can result in non-linear cavitation in the melt when the ultrasonic power reaches a certain threshold value [21] . Cavitation can result in a large amount of harmonic waves, and the frequency is different from the applied ultrasonic frequency f 0 owing to the motion of the cavitation bubble. These harmonic waves are not random but have a regular distribution, which will produce two series of acoustics (f 0 /2, 3f 0 /2, 5f 0 /2, ... and 2f 0 , 3f 0 , 4f 0 , ...) with the increase in cavitation. The characteristics of ultrasonic cavitation in the weld pool were analyzed to investigate the effect of ultrasound on the pore behavior.
The ultrasonic vibration on the surface of the weld pool was detected using a laser vibrometer. The weld pool size was small; thus, the overall difference between the vibration modes in different locations of the weld pool was not large. A single point measurement could instead be a multi-point measurement. The results in the time domain are shown in Figure 7 and the results in the frequency domain are shown in Figure 8 . It was found that the relation between the ultrasonic cavitation intensity and the ultrasonic power is non-linear. For example, 5% power results in two secondary peaks of f 0 /2 and 2f 0 ; 10% and 20% power generate 3f 0 and 4f 0 peaks, and 40% power results in a 5f 0 peak. However, the characteristics of 30% ultrasonic power do not meet this rule, and the cavitation strength is similar to 5% ultrasonic power. This result is similar to the relation between porosity and ultrasonic power. The cavitation intensity with 30% ultrasonic power and 5% ultrasonic power is similar, so the pore behavior is also similar.
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strength is similar to 5% ultrasonic power. This result is similar to the relation between porosity and ultrasonic power. The cavitation intensity with 30% ultrasonic power and 5% ultrasonic power is similar, so the pore behavior is also similar. Tzanakis et al. investigated the relation between the cavitation intensity and ultrasonic power, where the result also showed that the relation was non-linear [22] . The cavitation initiated more cavitation bubbles which oscillated non-linearly owing to the large-amplitude drivings. The cavitation bubbles dissipated mechanical energy by various processes, which should result in wave attenuation [23] . The energy attenuation decreased the acoustic pressure in the TIG weld pool, and. thus, the cavitation activity decreased. Tzanakis et al. investigated the relation between the cavitation intensity and ultrasonic power, where the result also showed that the relation was non-linear [22] . The cavitation initiated more cavitation bubbles which oscillated non-linearly owing to the large-amplitude drivings. The cavitation bubbles dissipated mechanical energy by various processes, which should result in wave attenuation [23] . The energy attenuation decreased the acoustic pressure in the TIG weld pool, and. thus, the cavitation activity decreased.
Influence Mechanism of Ultrasonic Cavitation on Pore Behavior in the Weld Pool
Ultrasonic cavitation can be divided into steady and transient cavitation. As the ultrasonic cavitation intensity increases, the transient cavitation intensity gradually increases, while the proportion of steady cavitation gradually weakens. A large negative pressure in the bubble could promote free hydrogen into the bubble when the cavitation bubble expands [24] . The hydrogen is combined into H 2 and restrained in the bubble. The H 2 is excluded with the emersion of the bubble. The schematic is shown in Figure 9a .
Transient cavitation can also have a positive effect on the bubble, as shown in Figure 9b . The cavitation bubble can be broken by transient cavitation, which increases the number of bubbles. The gas migrates into the bubble and the probability of it escaping from the weld pool increases, thereby reducing the porosity of the weld. The transient cavitation decreases the bubble size, and the majority of bubbles can escape when the ultrasonic power is not large; thus, the porosity of the weld is decreased.
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where ve is the velocity of emerging from the weld pool, ρL and ρG are the density of the melt and gas, respectively, g is the gravity constant, η is the viscosity of the melt and R the radius of the pore. The minimal pore size that can emerge from the weld pool is approximately 21 μm according to Equation (1) . It is counteractive to degassing when the number of bubbles is higher than the required number and when the size of the bubbles is smaller than 21 μm. Eventually, the bubbles grow with each other, resulting in an increase in the bubble size and porosity, as shown in Figure 10 . 
Conclusions
(1) The welding speed can affect the porosity in the weld and the porosity decreases with a decrease in the welding speed. However, this effect is not significant. The porosity is only reduced by 13% when the welding speed decreases by 50%. (2) The porosity and pore size of the weld with ultrasonic treatment is significantly decreased compared with the ordinary TIG weld. The porosity and pore size showed a tendency to decrease first and then increase with an increase in the ultrasonic power. (3) There is an obvious influence of the transient cavitation intensity on the characteristics of pores in the weld. The micro-bubbles can escape easily when the transient cavitation is weaker. The volume and number of bubbles will increase when the transient cavitation intensity is greater than a certain degree.
